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Clusters of ionization clumps in weakly ionized annular rf discharges
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The self-organized localized structures in a medium pressure annular rf glow discharge are investigated.
Clusters with different number of ionization clumps are observed through inversed bifurcation processes after
the onset of the periodic crystal-like structure. The interaction between clusters is long range repulsive, and
short range attractive before reaching the center highly repulsive core. The scattering and the formation of the
stable and metastable larger clusters through the collision between two clusters are demonstrated.
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PACS numbe(s): 52.35.Lv, 47.54+r, 52.904+2z

Localized patterns can be self-organized in many nonlinionization pattern with different wave numbefsumber of
ear dissipative extended systems including fluids, opticalperiods in one circlealong the azimuthal direction can be
and chemical systems under continuous input of energy téormed through a cascade of subcritical bifurcations associ-
overcome dissipatiofl—9]. Their structures, formation pro- ated with Eckhouse instability. The pattern can rotate clock-
cesses, motions, and interaction behaviors have long bed¥ise or counterclockwise after the onset through a spontane-
interesting subjects. The stable structures with single puls@Us parity breaking process or pinned by the surface defect.
and clusters of pulses have been observed. Between the tWid'€ previous preliminary studies also showed that, through
single pulses, various interactions such as repulsion, mutu#ffe inverse bifurcation, the system can be switched from the
penetration, annihilation, survival of one pulse, etc., uporPeriodic pattern to the single-pulse state with localized but
their collisions have been demonstraf@e-9]. However, the ~Separated ionization clumps. In this study, we further con-
interaction between the two mu|tipu|se clusters has beeﬁentrate on the multisoliton behavior and their interactions in
much less well addressed. The glow discharge plasma is the fine-tuned inverse bifurcation processes. It is found that,
typical nonequilibrium dissipative system exhibiting rich by slowly decreasing system pressure after the onset of the
universal nonlinear spatiotemporal phenomgh@-17. Lo-  first traveling periodic pattern, the system first bifurcates to a
calized structures are also expected in different discharggeriodic rocking mode and then to the states with traveling
systems. For example, the formation of the single pulse curclusters. Depending on system pressure, each cluster consists
rent filament structures and their repulsive interaction in a d®f @ few ionization clumps. The intercluster interaction is
discharge system, and the formation of the two-dimensiondPnd range repulsive and short range attractive before reach-
(2D) multipulse clusters in a 200 kHz high pressure dis-ing the center repulsive core. By using magnetic tweezers,
charge system have been repoiiid]. In this work, using a the recombination of two clustgrs to larger staple and meta-
weakly ionized annular rf glow discharge system with rota-stable clusters, and the scattering processes with and without
tional symmetry, we demonstrate the formation of travelingexchanging clumps are demonstrated.
clusters with different number of ionization clumps through ~ The experiment is carried out in an rf cylindrical dis-
a cascade of bifurcations from the periodic state. We furthegharge system similar to that reported elsewlfi¢. It con-
investigate their generic dynamical behavior, especially consists of a hollow stainless steel outer electrode with a 9-cm
centrating on their interactions such as scattering with an@liameter and capacitively coupled to a 14-MHz rf power
without pulse exchange process, recombination, and diss§ystem, and a grounded center electrode with a 6-cm diam-
ciation. eter. Argon at a few hundred mTorr pressure is used for the

The glow discharge can be generated at pressures fromdischarge. An annular groove with 3.5-mm height and
few mTorr to a few tens of Torr by applying an electric field 8-5-mm width is cut along the top edge of the center elec-
between two electroddd0,11. The ionization and recom- trode (Fig. 1) for the easier generatiofdue to the hollow
bination are similar to the reaction processes in chemical
systems. The diffusion and space charged field induced gj;g;" gass
transport further provide spatial coupling. The interplay . \ 4
among the above processes leads to the ionization instability
[11-15. Although it is more complicated than the typical
chemical reaction-diffusion or fluid systems, it also exhibits
many universal nonlinear spatiotemporal behavjads-17.
In our recent work, a periodic ionization pattern was ob-
served and their transient bifurcation processes were studied ! |
in a rf discharge in the annular gap between two concentric L to pump
cylindrical electrodes at a few hundred mTorr pres$ag.
The system is driven radially and has rotational and reflec- FIG. 1. Sketch of the side view of the cylindrical discharge
tion symmetries. Basically, by increasing pressure, a periodisystem.
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FIG. 3. The space-time diagrams of the traveling pattern at 14
W rf power (arbitrary unit for the pattern amplituglga) The peri-
odic traveling pattern with varying direction as pressure linearly
decreases from 1020 to 1012 mTdiy) The bifurcation to the 4-4

cluster state as the pressure linearly decreases from 918 to 910
FIG. 2. The CCD pictures of the plasma emission from the topmTorr. (c) The traveling 3-3-2 cluster state at 426 mTorr constant
of the chamber at different pressuréa) The periodic pattern at pressure(d) The traveling 2-2 cluster state at 419 mTorr constant
1020 mTorr(the dashed bright circle is due to the reflected emis-pressure. The rotation is modulated by the defect at pdinthe
sion from the inner lower corner of the grogvéb) The 4-4 cluster  time stepAt=0.1 s for(a) and(b) and 1/3 s for(c) and (d).
state at 910 mTori(c) The 3-3-2 cluster state at 426 mTofd) The
2-2 cluster state at 419 mTorr.
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pressure can form clusters with a smaller number of clumps
through the similar dissociation process. For example, Figs.
cathode confinement effé@nd observation of the ionization 2(¢) @nd 2d) show the states with 2-38e., with 2, 3 and 3

ulses in each cluster, respectiveland 2-2 cluster struc-

pattern. The groove size is chosen to limit the pattern as ;
qguasi-1D pattern. The pattern becomes 2D when the groo .rtﬁslztof'% and ?19 rrr:Torrl, resbpectlvetl)y. T(:;itl'% str;cture
is too wide. Unlike the Al center electrode in the last experi-WI seéparation has also been obser SNOWN).

The clusters can be stably sustained under the fixed control

ment [17], the center electrode is made of stainless steel o o
which is more defect fre€e.g., avoiding the surface scratch- g?dr)airggugsm;he half-width of the clumps in Figec)zand

ing and oxidation which easily pin the clumpst low rf Similar to the particlelike behavior of single ionization
power (or low pressurg an azimuthally uniform discharge cjymps found in our previous studg7], the clusters interact
can be sustained in the gap between the two electrodes. If thgrough long range repulsive force. The small clusters tend
increasing pressur@r powe) passes a certain threshold, an tg keep the largest mutual separation. For example, the clus-
ionization instability with periodic bright and dark regions ters in Figs. 2c) and 2d) keep 120° and 180° separations,
can be formed in the grooje.g., Fig. 2a)] through a sub-  respectively. The clusters also spontaneously rotate clock-
critical bifurcation. The emission intensity distribution over wise or counterclockwise. The rotation speed increases as
the horizontal plangintegrated along the axial directipis  pressure decreases. The rotation of the 2-3-3 state and the
monitored by a video camera 2.5 m above the systen2-2 state at constant pressures are shown in Figs.a®d
through the top glass window and is digitally processed3(d), respectively. The electrode defect at podntodulates
Since the emission of the glow is from the electron-impacthe motion of clusters. The defect is caused by some local-
excited atoms, the bright regions correspond to the regionged surface magnetic impurity, which generates about 1.5 G
with high ionization degree and electron density. Similar tolocal field on the electrode surface. The slowing down of the
the previous experiment, the periodic pattern can travel eieluster around poinA also slows down the motion of the
ther clockwise or counterclockwise as the symmetry is sponneighboring clusters. The modulation becomes more serious
taneously broken by the fluctuation at bifurcation. as the intercluster distance increases. This manifests that the
Figure 2 shows different pattern images by decreasingntercluster repulsion decreases with increasing separation,
system pressure after the onset of the periodic pattern at Mthich makes the system more compressible.
W rf power. Figures @) and 3b) shows the spatiotemporal We also conduct some interesting collision experiments
evolution of the discharge intensity along a circle crossingoetween clusters by fixing the position of one cluster. For
the pattern as the pressure is linearly ramped down. First thexample, one cluster can be trapped by putting the tip of a
traveling pattern runs into a rocking mode periodically alter-magnetized screw driver on the glass window surface right
nating its traveling directiopaftert, in Fig. 3(a), from 1020 over pointA [Fig. 4@)]. The second spontaneously rotating
to 1012 mTort. The mode numbefthe total number of os- cluster is either bounced by the pinned cluster and alternates
cillations in a circle of the periodic pattern decreases asits moving direction[aroundt, in Fig. 4@)] or pushes the
pressure further decreases. Finally, some clumps disappepinned cluster out of the trafaroundt, in Fig. 4@)]. It is
and the periodic pattern dissociates into two large clusters adccelerated and falls into the trap as the pinned one leaves
clumpsl[Fig. 3(b), 918 to 910 mTork Figure Zb) shows the the trap.
corresponding image of the two clusters. Further decreasing Figure 4b) shows another interesting scattering process.



57 CLUSTERS OF IONIZATION CLUMPS IN WEAKLY ... 3381

Although the system looks quite complicated, generically,
the state of the system is determined by complicated
reaction-diffusion-type partial differential equations similar
to chemical system®,15]. The periodic and localized struc-
tures are generated under the interplay between the above
processes. For example, if we start from a state with a local
region with slightly higher electron density than the back-
ground, the electron density will grow due the positive feed-
back provided by the electron impact ionization process. Un-
der the rf electric field, the electron loss to the chamber wall
is much higher than that of ions, which makes the plasma
float positively with respect to the electro@&0]. The in-

S creasing local plasma density increases space charge and in
ANGLE turn increases the local plasma potential. The electrons can

FIG. 4. The space-time diagrams of the collision processes bet_hereby gain higher energy, which further enhances the local

tween clusters at 14 W rf powefa) The scattering without clump ionization rate and elgctron.density until the profile is steep
exchange P=419 mTorr;At=0.5 9. (b) The collision with one  €N0Ugh and the amplitude is large enough to cause enough
clump exchange through the formation of a metastable large clusté&iffusion and nonlinear recombination losses. Note that the
(P=426 mTorr;At=0.2 9. A tweezer is put at poinA to pin one  I0nization rate is a highly nonlinear function of the electron
cluster in(a) and(b). (c) The evolution of the 4 clump cluster after €nergy, and the diffusion rate strongly depends on the profile
removing the magnetic tweezers, which force the fusion betwee®f the structure. The amplitude, scale, and shape of the
the two 2-clump clustersR=426 mTorr;At=0.5 3. steady state clump, cluster, or the periodic structure are de-
termined by the balance between the local growth and loss
The screw driver is put at poim to lock the position of the rates. A recent theoretical study also demonstrates the possi-
two-clump cluster of the 3-3-2 state. The spontaneous rotability of the formation of periodic and soliton structure of
tion makes the 3-clump cluster coming from right recombinethis systen{18].
with the 2-clump cluster in the trap and form an intermediate The mean free paths for electron impact ionization and
larger cluster with 5 clumps at,. The lifetime of the 5- electron-neutral momentum transfer collisions both decrease
clump cluster is about 2 sec and it quickly dissociates into 2vith increasing pressurglQ]. At low pressure, they are
clusters att,. After the dissociation, the 2 clumps on the larger or comparable to the groove width. Electrons are
right are locked and the 3 clumps on the left travel togethehardly generated through ionization and hardly confined
as a cluster to the left after the dissociation. Namely, this ighrough collisions with neutral Ar in the groove. Therefore,
similar to the collision between two molecules with one par-no discharge can be sustained in the groove until the pressure
ticle exchange through the formation of a larger metastablés high enough to balance the electron generation and loss to
molecule. the wall. The onset pressure increases with the decreasing
Not all the states of the two recombined clusters havegroove height. In the reverse bifurcation process by decreas-
particle exchange and short lifetime. For example, two maging pressure after onset, the pattern in the groove switches to
netized screw drivers are used as tweezers to push the tvibe cluster structure instead of completely turning off due to
repulsive clusters of a 2-2 state to fuse into a larger clustethe hysteresis effect of this nonlinear system. The half-width
with 4 clumps. The tweezer is removed right after recombi-of the clump also increases with the increasing mean free
nation. Similar to the 2-2 state in Fig(a}, the clusters are paths as the pressure decreases. The groove height sets up a
repulsive at a short distance. However, once they are forceldwer bound for the pressure over which all the clusters or
to overcome the repulsive barrier, they form a stable stateclumps diminish.
Figure 4c) shows the rotation of the stable 4-clump cluster Figures %a) and §b) show the structures in the moving
after removing the tweezers. Again their rotational motion isframe and the homoclinic trajectories of the 2- and 3-clump
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modulated by the defect at poiAt clusters in the phase space reconstructed (@¥) versus
The possible mechanism for the formation of ionizationl (¢+ A ¢) plots for the 2- and 3-clump clusters, respec-
clumps was briefly mentioned in our previous wofdb—  tively, wherel is the emission intensity ang is the azi-

17]. The rf electric field is the main source feeding energymuthal angle in the moving frame. The periodic pattern has a
transversely to this open dissipative system. The electron indimit cycle trajectory(not shown. Unlike the pulse structures
pact ionization procesghe rate increases with electron den- in other dissipative systen&,7—9, our localized structures
sity and energyand the recombination proceétfe rate is cannot interpenetrate or annihilate upon collision and their
proportional to the square of the electron densdye the height is constant under a fixed control parameter. Their
local source and sink for enhancing and suppressing electrapverall shapes have reflection symmetry within our noise
density fluctuation, respectively. If we use a 1D modellimit, even when they are traveling pulses. Around the simi-
(along the azimuthal directigrfior this system, the transverse lar pressure, the emission intensity profiles of a single iso-
transport of charged particles to the surrounding wall due tdated clump and the clumps in the 2-clump and 3-clump
diffusion and electric field can also be treated as a local sinkclusters are about the same except the tail part. The inter-
Azimuthally, the ambipolar diffusion provides spatial cou- clump separation is the same for the 2-clump and 3-clump
pling and tends to spread out the highly localized sharglusters. Namely, under a fixed operating condition, the non-
structure. linear partial differential equations of the system support



3382 CHIH-YI LIU AND LIN | 57

I y g stable state depends on the depth of the attractive well and
the height of the barrier. Their values are functions of the
system control parameters such as pressure or rf power. If
the attractive well is too shallow, a small fluctuation can kick
the particle over the barrier, i.e., dissociate the metastable
bound state and keep the pair at the largest possible separa-
L_ tion. On the other hand, if the barrier keeps decreasing and
) X ) the attractive well deeperis.g., by increasing pressyy¢he

0 ® O4n 1(®) effective interacting potential will eventually be attractive
except the center repulsive core. The system favors the state

© u with one-dimensional crystal-like periodic structure as ob-
\/\ served at higher pressure. It is also interesting to point out
1

1(d+ad)

— CLUSTER that the bifurcation from a periodic traveling mode to a rock-
, - b ing mode with alternating traveling directiofiSig. 3(@)] is a

-
M e

=7 T CRETAL conseguence of the slight symmetry breaking due to the pres-
ence of defect. The observation generically agrees with the

FIG. 5. (a),(b) Left column: the plasma emission intensity pro- theoretical prediction of a similar systefrh9].

files (¢ is the azimuthal angjeof the 2-clump cluster and the In conclusion, we have investigated the localized structure
3-clump cluster§averaged over 30 pictures in the defect-free re-of ionization instability in a medium pressure steady state rf
gion from the 3-3-2 sate shown in Fig(a3] in the moving frame.  discharge system. The important observations are listed as
Right column: their corresponding phase portraits udifg) vs  follows: (1) Decreasing pressure from a state with a periodic
I(¢+Adg) plots with A$=5.625°.(c) The sketch of the effective  traveling pattern can turn the system into a periodic rocking
pair interaction potentials for the clustdow pressure, e.9., 420 mode under slight system asymmetfg) At low pressure,
mTorr) and periodic crystahigh pressure, e.g., 1020 mTpstates.  he fission into stable clusters is associated with the disap-
multistable cluster structures with different numbers Ofpearance of some ionization clumps) The amplitude,

lumos. Th mplicated nonlinear proceséesization, r shape, and interclump distance for different clusters are the
clumps. 1he complicated nonfinear processesizalion, 1e- o, e ynder a fixed operating condition regardless of the

combination, ambipolar diffusion, ejcdo not favor the number of clumps in the cluster. The clusters can be treated

overlapping of the clump ta||s_ anq make_ the single C'“T“psas systems with bonded quasiparticles, which can travel
and clusters behave as quasiparticles with long-range mte&-

; o ; : ; pontaneously(4) The scattering and fusion experiments
actions, although their interactions are really unlike the direc how that the intercluster interaction is repulsive at long

Coulomb-type interactions between the real charged parr’ange and attractive at short range before reaching the center

ticles. . ;
I : L . hard core. The interaction can be controlled by system pa-
We can qualitatively sketch their effective interaction PO ameters y sy P

tential for those quasiparticles in the form shown in Fi@) 5

according to our above observation. It has a long range re- This project was supported by the National Science Coun-
pulsive tail, a short range attractive well, and a harder centetil of the Republic of China under Contract No. NSC-86-
repulsive core. Whether the pair can form a stable or a metd)212-M008-006.
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